Stable aqueous carbon inks, with graphene sheets (GSs) and carbon black (CB) as conductive fillers, are prepared by a simple one-pot ball-milling method. The asprepared composite ink with 10 wt% GSs shows optimized rheological properties (viscosity and thixotropy) for screen printing. The as-printed coatings based on the above ink are uniform and dense on a polyimide substrate, and exhibit a sandwich-type conductive three dimensional network at the microscale. The resistivity of the typical composite coating is as low as 0.23±0.01 Ω cm (92±4 Ω sq −1 , 25 μm), which is 30% as that of a pure CB coating (0.77±0.01 Ω cm). It is noteworthy that the resistivity decreases to 0.18±0.01 Ω cm (72±4 Ω sq −1 , 25 μm) after a further rolling compression. The coating exhibits good mechanical flexibility, and the resistance slightly increases by 12% after 3000 bending cycles. With the CB/GSs composite coatings as a flexible conductor, fascinating luminescent bookmarks and membrane switches were fabricated, demonstrating the tremendous potential of these coatings in the commercial production of flexible electronics and devices.
INTRODUCTION
With the rapid development of the Internet of Things [1], there is increasing demand for lightweight, miniaturized and smart consumer electronics, such as flexible displays [2] , sensors [3, 4] , micro-supercapacitors [5, 6] , field-effect transistors [7, 8] and radio-frequency identification tags [9, 10] . However, traditional solid-state technology [11] is unsatisfactory for flexible devices because it requires a multistep process and high-cost equipment. Thus, printed electronic technologies [12] , including screen, inkjet, gravure and flexographic printing, offer an alternative due to their low cost, simplicity, and high-throughput production. Among these processing technologies, screen printing has unique features such as high compatibility with various conductive inks and substrates as well as high reproducibility [11] . As the core of screen-printed electronic technology [13] , functional liquid-phase electronic inks have received extensive attention from the industrial and academic communities. More importantly, the screen inks require a moderate solvent evaporation rate, so the use of less volatile, environmentally friendly water as a solvent is possible [14] . At present, low-cost and high-performance conductive ink is urgently needed [15] .
Metallic nanoparticle-based inks are common conductive inks and are widely studied due to their high conductivity of approximately 10 7 S m −1 [16] ; however, they also suffer from many issues, including high cost and instability problems such as metal oxidation [17] or silver electromigration [18] . Consequently, the replacement of metal materials with stable, inexpensive, chemically inert and nontoxic carbon-based materials for mass production is of great significance. Carbon black (CB) is a conductive additive that plays a unique role in the formulations of electrode pastes [19] , conductive inks [20] and catalyst supports [21] . CB is initially composed of spheroidal or ellipsoidal primary particles, which form aggregates quickly in a CB suspension. The aggregates can bind together through van der Waals forces to form loose agglomerates (10-100 μm) [22] . The contact between the aggregates is "point-to-point" contact, resulting in a high contact resistance. Inks made from a single CB filler have high resistivity that limits their application. To increase the conductivity of carbon inks, researchers have introduced other one-dimensional (1D) conductive fillers, such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs). Unfortunately, CNTs are prone to entangling with adjacent CNTs, making it very difficult to disperse CNTs well in the polymer matrix of inks [23] . For CNF bundles, the electrons flow through the outermost fibers of the bundles, while the inner fibers contribute less to their conductivity [24] . Compared with the characteristics of CNFs and CNTs, graphene sheets (GSs), novel 2D flexible honeycomb networks, composed of monolayer sp 2 -hybridized carbon atoms, possess high carrier mobility (15,000 cm 2 V −1 s −1 under ambient conditions) [25] ,
) [26] , chemical stability [27] and intrinsic flexibility [28] . A large number of studies [29] [30] [31] [32] [33] have shown that graphene-based conductive inks have a high conductivity up to 4.3×10 4 S m −1 (0.912 Ω sq −1 , 25 μm) [10] . GSs are promising candidates for carbon-based inks, especially for printed flexible electronics [14] . The formulation design of CB/GSs composite inks also draws inspiration from the literature precedent in the field of energy storage. Compared with the "point-topoint" contact of CB, the "plane-to-point" contact of GSs and CB enables high interfacial contact efficiency. In this context, Su et al. [19] used CB and graphene as electronconducting additives in LiFePO 4 -based cathodes in lithium-ion batteries, and found that the bulk ohmic resistance (R b ) of the CB/graphene-modified LiFePO 4 cell (11.7 mΩ) was lower than that of a commercial cell (16.0 mΩ), and this difference was attributed to the more effective electron transport network created with CB and graphene. In addition, CB and graphene were used to modify aluminum foil (as a cathode current collector) to enhance the electrical contact and charge transport between electrode materials and current collectors in lithium-ion batteries [34] . Furthermore, in the preparation of piezoelectric films, the addition of a moderate amount of CB/few-layer graphene (FLG) to a poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-co-HFP) hybrid composite film can enhance the conductivity of the nanofiller network [35] . There are also studies on graphene/ CB composite inks for printed electronics. Ji et al. [36] prepared inkjet ink using reduced graphene oxide (rGO) and CB as fillers, and the resulting flexible paper-based circuits displayed a resistivity of 66.1 Ω cm (2.6×10 4 Ω sq -1 , 25 μm). Additionally, graphene/polypyrrole/CB conductive ink was fabricated by the in situ polymerization of pyrrole monomers and GO [37] . However, the resistivity of this ink cannot satisfy the demands of high-performance electronics. Furthermore, understanding the structure-conductivity-printability relationships of screen-printing conductive ink remains a challenge.
Herein, we report the optimal formulation and direct printing of high-performance CB/GSs composite aqueous conductive inks. Composite inks with different proportions of GSs and CB were designed for screen printing. Moreover, the rheological properties and stability of the inks, and the microstructure, 3D surface morphologies and mechanical flexibility of the printed patterns were characterized. A luminescent bookmark and membrane switch fabricated from the CB/GSs composite printed coatings suggest new possibilities for their applications in electronics and devices.
EXPERIMENTAL SECTION

Materials
CB with a diameter of approximately 20-50 nm was purchased from Tianjin Lihuajin Chemical Industry Co., Ltd. (China). The GSs originated from the Institute of Coal Chemistry, Chinese Academy of Sciences. Poly(acrylic acid) (PAA, M w =70,000) and sodium polyacrylate (P-19) were obtained from Shandong Baoerya Chemical Technology Co., Ltd and Shanghai Wenhua Chemical Pigment Co., Ltd. Airase 5200 and XR-501 were provided by Air Products Asia and Shanghai Xirun Chemical Technology Co., Ltd. Carboxyl methyl cellulose (CMC, 20 g L -1 ) and 1,2-propylene glycol (C 3 H 8 O 2 , 99.5%) were supplied by Daicel Corporation (Osaka, Japan) and Aladdin Chemistry Co., Ltd.
GSs/CB composite ink preparation
The preparation of the GSs/CB composite ink was similar to that in our previous report [38] . GSs and CB conductive fillers with mass ratios of 0:100, 5:95, 10:90 and 15:85 were dried for 6 h in an oven. A homogeneous mixture of PAA (26.28 wt.%), P-19 (24 wt.%), Airase 5200 (0.45 wt.%), XR-501 (0.48 wt.%) and CMC aqueous solution (11.33 wt.%) was prepared by the magnetic stirring method. Then, a solution (53.06 wt.%) of deionized water and 1,2-propylene glycol at a weight ratio of 9:1 was prepared. The above dried fillers and the two as-prepared mixtures were poured into the ball-grinding tank. The mixed materials in the planetary ball mill (Tencan Powder Technology Co., Ltd. Changsha, China) equipped with zirconia grinding jars (500 mL) and zirconia balls (227 g, diameters of 10 and 5 mm) were milled at a rotation speed of 300 rpm for 2.5 h. After ball-milling, the obtained inks were poured through a mesh sieve (70 mesh) to remove the larger agglomerates and the zirconia balls. Then, the inks were decanted into a vacuum mixer to remove the bubbles at a rotation speed of 300 rpm for 10 min (vacuum of −0.8 bar). For simplicity, the ink samples were named G/C-0, G/C-5, G/C-10, and G/C-15 according to the GSs content.
Screen printing
A polyimide (PI) film (15 cm × 6 cm × 0.0125 cm) was washed with alcohol and used as a printing substrate. A polyester stencil (100-mesh) was placed above the PI film. Then, the inks were poured on top of the stencil and spread with a polyurethane squeegee (13-cm-long, 70-75 Shore hardness) at a 45°angle. The inks penetrated the openings of the stencil to form a designed pattern. The patterns were a square (4 cm × 4 cm; length × width) and a line (10 cm×2 mm; length × width). Finally, the printed patterns were placed in a vacuum oven at 85°C for 1 h.
Characterization
The rheological behavior of the inks was analyzed by a rotational rheometer (MARS60, Haake, Germany) equipped with a plate-plate rotor. All measurements were performed at 25°C, and the temperature was controlled by a Peltier system. The gap between the parallel plates (plate diameter of 35 mm) was 1 mm. To eliminate the shear history, the inks were pre-sheared at a shear rate of 5 s −1 for 1 min, and the rheological tests were started after the inks were allowed to rest for 5 min. The steady-shear rheology was characterized by the viscosity curve (dependence of the apparent viscosity (η) on the shear rate ( )) acquired over a shear rate range of 0.01-1000 s −1 .
Then, dynamic rheological measurements, including strain sweep and frequency sweep tests were performed. The strain sweep test was conducted over a strain (γ) range from 0.01% to 100% at 1 Hz to determine the linear viscoelastic region (LVR). The frequency sweep test was conducted within a frequency range of 0.1-100 Hz at a constant strain of 0.05%, which guaranteed that the inner structure of the inks was at a steady state. were employed for morphological observation of the printed patterns. The thickness and electrical resistivity of the printed conductive patterns were obtained by a thickness gauge (precision of 0.001 mm) and a four-point probe resistivity measurement system (RTS-9, Four Probes Tech, China), respectively. The mechanical flexibility was measured using a homemade bending resistance instrument.
RESULTS AND DISCUSSION
The composite GSs/CB inks were prepared by a simple ball-milling method, and the patterns were printed through screen printing ( Fig. 1a ). SEM images of the GSs and CB are shown in Fig. S1 . The sandwich-like network structure was obtained by combining GSs and CB. The presence of GSs enhances the stability of GSs/CB inks.
The settlement test reveals that pure CB ink produced some supernatant upon settling, whereas there are no precipitates in the GSs/CB inks after settling for 7 or even 30 days ( Fig. 1b-d ), which may be due to the mutual dispersion of GSs and CB in the polymer matrix. Moreover, the rheology of the inks, which depends on the ink formula and processing conditions, guides the selection of the printing method. Therefore, we designed a series of conductive inks with different GS contents, and studied the effect of the CB/GSs ratio on the rheological properties of the inks. The screen-printing process has viscosity requirements for inks at various stages, including storage, printing and ink drying. The inks must maintain high viscosity without leakage before printing and then quickly undergo shear thinning and penetrate the screen stencil after the doctor blade is moved. The viscosity curve ( Fig. 2a ) reflects the flow characteristics of the inks at different shear rates. All samples show pseudoplastic behavior, where the viscosity decreases with increasing shear rate. The CB/GSs inks show increased viscosity with increasing GS content. When the mass ratio of GSs increases slightly, the effective volume fraction increases significantly, as the GSs hinder the flow of CB particles during shearing, causing an increase in viscosity. In addition, the inks produce a three-stage flow curve: when the shear rate is less than 0.1 s −1 (region I), the viscosity of G/C-0 decreases slower than that of the CB/ GSs composite inks, which may be because large CB aggregates can resist small external deformation, while the added graphene is sensitive to external deformation [39] . At intermediate shear rates, the viscosity of G/C-0 declines more rapidly than the viscosity of the CB/GSs composite conductive inks (region II). In this stage, the large CB aggregates in G/C-0 are prone to break up into smaller aggregates; however, the composite conductive 3D network can effectively resist large deformation. At very high shear rates, the viscosity of all samples quickly descends to a plateau (region III), implying breakdown of the conductive network or the presence of much smaller aggregates that cause the viscosity to decrease [22] .
To determine the LVR of the inks, a strain amplitude sweep test was performed, as shown in Fig. S2 . Before the critical strain (γ c ), the LVR decreases as the graphene mass fraction increases, revealing a decrease in reversible deformation. After exceeding the critical strain, the inks exhibit liquid-like behavior where the viscous modulus (G˝) is higher than the storage modulus (Gʹ). The minimal critical strain of the above samples is 0.05%; hence, the dynamic frequency sweep test of the CB/GSs composite conductive inks was measured at a strain of 0.05% (see Fig. 2b ). In all frequency ranges, Gʹ>G˝and the damping factor (tanδ) are <1 (see Fig. S2b ), and thus, the inks exhibit solid-like behavior. This highly elastic behavior may be derived from the formation of a percolating gel network [24] . At low frequencies, Gʹ and G˝are largely independent of the frequency. The frequency plateau increases with increasing GS content, indicating that the interaction between CB and GSs is stronger in the CB/ GSs composite inks with a higher GS content. By contrast, at high frequencies, Gʹ and G˝are dependent on the frequency and both increase with increasing frequency, as the structure of the inks does not have enough time to relax [40] . Moreover, there is a gradual rise in tanδ with increasing GS content as a result of the increased viscosity of inks [41] . These results are contributed to the storage and screen printing of composite inks: the inks have higher elasticity in the static state and higher viscosity during printing.
As we can see from the dynamic frequency sweep and steady-shear viscosity curves, the Gʹ and viscosity of the ink increase with the increase in the graphene content. To find a suitable formulation for screen printing, we conducted a 3ITT to simulate the viscosity change and observe the deformation and recovery of the ink structure during screen printing. The recovery of the viscosity of the inks after 10 s of high shear (1000 s -1 ) occurs increasingly quickly as the GS content increases, indicating that the addition of GSs can enhance the thixotropy of the inks. The statistical time to restore 80% of the initial viscosity was 47, 12 and 5 s for G/C-0, G/C-5, and G/C-10 ( Fig. 2c-e ), respectively. In conclusion, the rheological properties of G/C-10 are more suitable for screen printing than those of the other CB/GSs composite conductive inks. Although fast viscosity recovery is beneficial for obtaining high-resolution printed patterns, the stress-induced structure regeneration results in a strong colloidal structure. Once the graphene content increases to 15 wt.% (Fig. 2f) , the viscosity of G/C-15 after high shear is too high for the ink to flow flat and form a uniform coating. Similar results have been mentioned in previous reports [42]. Capillary number (Ca) [43] is an important parameter to describe the wettability of inks and measure printing conditions in printing fields [44] . When the printing speed is 50 mm s -1 , the shear rate calculated from Equation (1) is 5000 s -1 . The corresponding approximate viscosities of inks G/C-0, G/C-5, G/C-10 and G/C-15 are 0.04, 0.08, 0.26 and 0.56 Pa s, respectively. As shown in Table 1 , the surface energies of inks G/C-0, G/C-5, G/C- The horizontal flux after screen printing is related to Ca [45] . The horizontal flux increases with Ca increasing, which is consistent with the trend in coating thickness.
(1)
where is the shear rate, U is the printing speed, d is the distance between the tip of the doctor blade and the substrate in the printing process, η is the apparent viscosity and σ is the surface tension of the ink. After screen printing, each of the conductive patterns exhibits a compact and continuous coating surface ( Fig. 3a-d) . We further observed the surface morphology of coatings with higher magnification. In the pure CB coating, CB particles (20-50 nm in diameter) are connected to each other and form aggregates ( Fig. 3e and i) due to the high surface energy. GSs bridge the CB aggregates when the graphene content is at least 5 wt.%, and we define this structure as a primary conductive network (Fig. 3f ). The high carrier mobility of graphene facilitates electron transport between CB agglomerates. It is worth noting that as the graphene content increases to 10 wt.%, the conductive fillers form a well-dispersed primary network (Fig. 3g ). As the GSs are further exfoliated, the CB particles act as spacers to prevent GSs aggregation. The synergistic effect of GSs and CB promotes mutual dispersion of the fillers. We call the microcosmic network ( Fig. 3k ) a secondary network (this structure cannot be observed in Fig. 3j ). The introduction of 2D GSs increases the contact area of the conductive fillers, and the "pointto-point" contact between CB particles becomes a "planeto-point" contact between GSs and CB, which is consistent with previous reports [46] . Therefore, the number of effective electron transport pathways increases. However, when the GS content increases to 15 wt.%, the content of CB is not enough to fill the large gaps formed by the overlap of GSs, which causes voids of approximately 1 μm and blocks the flow of electrons, as shown in Fig. 3h , resulting in a high contact resistance.
CLSM was used to characterize the 3D surface morphology of the printed patterns, as displayed in Fig. S3 . As the GS content increases, the surface roughness of the coatings increases due to the irregular orientation and inplane bending of the GSs. Combined with the rheological analysis results, these findings show that the addition of GSs facilitates the formation of conductive gel networks. However, the increased thixotropy is not conducive to the formation of smooth coatings. In particular, when the GS content increases to 15 wt.%, square nets are generated from the polyester screen in the coating, as shown in Table 1 The surface energy, Ca and coating thickness of samples G/C-0, G/C-5, G/C-10 and G/C-15
Sample
Surface energy (mN m Fig. S3d , indicating a poor ability of the inks to flow after screen printing, which is consistent with the 3ITT results.
To explore the influence of the GS content on the resistivity of the coating, we selected 9 points on each coating sample to measure the resistivity using the fourpoint probe method. With increasing GS content, the resistivity first decreases significantly and then increases (Fig. 4) . According to Equation (3), as the amount of added GSs increases, the diameters of the contact spot (d) and contact spot area (α) increase. This effect facilitates the mutual dispersion of the CB and GSs, and optimizes the conductive network of the coating. The total resistivity of the coatings decreases. However, when the added GS content continues to increase, the electrical resistivity begins to increase. There are likely two main reasons for this behavior: first, the relative volume fraction of CB is reduced, becoming insufficient to fill the voids caused by the overlap of GSs; second, the thixotropy of the ink increases, which results in unsmooth channels for effective electron transport. Therefore, the optimal content of GSs is 10 wt.%, and the corresponding resistivity is as low as 0.23±0.01 Ω cm.
where R, R i and R c are the total resistance of the coating, the intrinsic filler resistance and the contact resistance, respectively. R cr and R t are the constriction resistance and tunneling resistance, respectively. ρ cr and d are the constriction resistivity and diameter of the contact spot, respectively. ρ t and α are the tunneling resistivity and contact spot area, respectively [47] . Subsequently, the G/C-10 coating was treated by rolling compression. According to the SEM results, the surface of the as-deposited composite coating exhibits a rough and irregular architecture (Fig. 5a ). As shown in the crosssectional SEM images, the GSs and CB are mixed together to form a sandwich-like structure (Fig. 5c ), and most of the GSs are distributed in the horizontal direction among the CB aggregates. After rolling compression, a more compact and smoother coating was obtained (Fig. 5b) . The most likely pore size of the G/C-10 coating decreased from 50.2 to 32.3 nm (Fig. 5e ), and the bulk density increased from 1.9 to 2.2 g cm −3 (Fig. 5f) . Moreover, the sandwich structure becomes more obvious (Fig. 5d) .
Therefore, the compressed coating shows a much lower resistivity of 0.18±0.01 Ω cm, reflecting a decrease of 21.7% (Fig. 5f ). This resistivity is lower than that of other aqueous carbon-based inks [48] [49] [50] [51] (Table 2 ). There are two reasons for this behavior. On the one hand, the contact area between the conductive fillers increases after rolling, and the conductive network becomes tighter.
Within the conductive phase of the coatings, CB facilitates the conduction of electrons in the vertical direction, and graphene promotes the conduction of electrons in the horizontal plane. The 3D interlayer conduction contributes to enhancing the electronic properties [52] . On the other hand, the spacing between particles is reduced, making the hopping of electrons in the conductive filler easier and increasing the probability that electrons tunnel between nanofillers [53, 54] . Flexibility is the basic requirement for flexible devices; therefore, a cyclic bending test (video demo in Fig. S4 ) was conducted at a bending radius of 6 mm with homemade mechanical flexibility equipment, as shown in Fig. 6a . The resistance of the G/C-10R coating, derived from rolling compression of the G/C-10 coating (4 cm × 4 cm, length × width) is 188, 203 and 211 Ω after 0, 1500 and 3000 bending cycles, respectively. The normalized resistance (R/R 0 , resistance of the bent sample/initial resistance of the sample) is between 1 and 1.13 (Fig. 6e ). In addition, part of the metal wire was replaced by a printed circuit, and was used to connect a light-emitting diode (LED) to a direct current (DC) power supply and printed circuit. The voltage was adjusted to 6 V. The brightness of the LED did not change much when the conductive cir-cuit was unbended, bended and twisted, as shown in Fig. 6f -h (video demo in Fig. S5 ). These results indicate that the printed patterns show excellent mechanical flexibility that may be due to the high mechanical strength of the GSs and strong adhesion between the GSs and CB.
To verify the practical application of the printed patterns, CB/GSs coatings were used to produce luminescent bookmarks (video demo in Fig. S6 ) and membrane switches. LEDs were fixed to printed lines on a lightemitting bookmark (Fig. 6j) via conductive silver paste. The LEDs connected to the homemade bookmarks are bright at 6 V. In addition, we fabricated a membrane switch with two printed lines (50 mm × 10 mm × 0.01 mm, length × width × thickness), as shown in Fig. 6k . The two printed lines were separated by insulating spacers. Then, the membrane switch was connected to the circuits of an acoustical generator. Digital audio can be played or turned off by controlling the membrane switch (video demo in Fig. S7 ).
CONCLUSIONS
In summary, we have described a high-throughput and simple route for the well dispersion of GSs and CB in PAA by one-step ball milling. The water-based G/C-10 ink had suitable rheological characteristics for screen printing. By tuning the mass ratio of GSs to CB, a coating comprising an optimal two-level network was obtained. In addition, the rough coating surface became compact and smooth after rolling compression, which eliminated the high roughness caused by the addition of GSs. Therefore, the resistivity of the G/C-10 coating decreased from 0.23±0.01 to 0.18±0.01 Ω cm. Moreover, the conductive coating had good mechanical flexibility after 3000 bending cycles, and the normalized resistance remained in the range of 1-1.13. Successful preparation of luminescent bookmarks and membrane switches by using the printed carbon-based conductive patterns reveals that these water-based conductive inks have great potential in flexible printed electronics such as radio frequency identification systems and organic thin-film transistors. 
